AMPA and kainate receptors mediate fast synaptic transmission. AMPA receptor ligand-binding domains form dimers, which are key functional units controlling ionchannel activation and desensitization. Dimer stability is inversely related to the rate and extent of desensitization. Kainate and AMPA receptors share common structural elements, but functional measurements suggest that subunit assembly and gating differs between these subtypes. To investigate this, we constructed a library of GluR6 kainate receptor mutants and directly measured changes in kainate receptor dimer stability by analytical ultracentrifugation, which, combined with electrophysiological experiments, revealed an inverse correlation between dimer stability and the rate of desensitization. We solved crystal structures for a series of five GluR6 mutants, to understand the molecular mechanisms for dimer stabilization. We demonstrate that the desensitized state of kainate receptors acts as a deep energy well offsetting the stabilizing effects of dimer interface mutants, and that the deactivation of kainate receptor responses is dominated by entry into desensitized states. Our results show how neurotransmitter receptors with similar structures and gating mechanisms can exhibit strikingly different functional properties.
Introduction
Ionotropic glutamate receptors (iGluRs) mediate excitatory synaptic transmission by coupling the free energy of agonist binding to the opening and desensitization of a transmembrane ion channel (Gouaux, 2004; Mayer, 2006; Hansen et al, 2007) . Central to the function of the 18 iGluR genes that form the AMPA, kainate and NMDA receptor families of ligandgated ion channels is a structural unit formed by a dimer assembly of the ligand-binding domains (Armstrong and Gouaux, 2000; Mayer et al, 2001; Furukawa et al, 2005; Nanao et al, 2005) . This dimer undergoes conformational changes driven by agonist-binding energy, producing transitions between the resting, conducting, and desensitized states of the ion channel. The rates of transitions between these states, which are finely tuned at individual excitatory synapses to allow information processing in the brain over a wide spectral bandwidth (Geiger et al, 1995) , are controlled by intermolecular contacts in the dimer assembly (Sun et al, 2002; Horning and Mayer, 2004 ). An understanding of this process, which is much less well understood in kainate and NMDA receptors, is a key requirement for resolving the role of individual iGluR subtypes in synaptic plasticity.
Following release of neurotransmitter by the presynaptic cell, receptors in the postsynaptic membrane bind glutamate in a two-domain clamshell-shaped structure (LBD) formed by S1 and S2 polypeptide segments (Stern-Bach et al, 1994; Kuusinen et al, 1995) . Structural studies on AMPA receptor GluR2 S1S2 have shown that activation occurs on glutamate binding through rotation of domain 2 and closure of the clamshell. A critical inter-subunit interface, formed between individual protomers in a dimer pair through the rear surface of domain 1, allows domain closure to place a torque on the membrane-embedded ion channel, causing it to open (Armstrong and Gouaux, 2000) . A major advance in our understanding of AMPA receptor gating was the serendipitous discovery, by construction of chimeric receptors, that the GluR3 L485Y mutation blocks desensitization (Stern-Bach et al, 1998) . Structural analysis for the equivalent GluR2 L483Y mutant revealed that the tyrosine side chain stabilizes dimer assembly by forming a cation-p interaction with a lysine side chain in the dimer partner subunit (Sun et al, 2002) . This finding has profoundly influenced our understanding of AMPA receptor gating, and led to a model in which the domain 1 interface is under strain in the glutamatebound state. During desensitization the interface ruptures, allowing the channel to close even with the agonist bound (Armstrong et al, 2006) . Paradoxically, the genes for GluR5-GluR7 subtype kainate receptors encode an aromatic amino acid at the position equivalent to GluR2 L483Y, but desensitize rapidly and nearly completely in response to glutamate (Schiffer et al, 1997; Swanson et al, 1997) . Functional analysis of the LBD dimer interface and recent crystal structures of kainate receptor dimer assemblies, which bear striking structural similarity to their AMPA receptor counterparts, have not resolved this puzzle. It is to be noted that numerous differences exist between the two receptor families in their sensitivities to allosteric ligands such as cyclothiazide and concanavalin A (Partin et al, 1993; Wong and Mayer, 1993; Yamada and Tang, 1993) , and to external ions that modulate desensitization (Bowie, 2002; Bowie and Lange, 2002; Plested et al, 2008 ). An approach taken by several groups has been to rebuild the dimer interface of kainate receptors by introducing AMPA receptor residues, in an attempt to recreate the non-desensitizing GluR2 L483Y phenotype (Fleck et al, 2003; Zhang et al, 2006; Weston et al, 2006b ). However, with the exception of disulphide cross-links, which perturb the dimer interface, render glutamate a partial agonist, and disrupt trafficking to the plasma membrane, all attempts to generate non-desensitizing kainate receptor mutants through rational design have ultimately fallen short, having greater effects on the rate rather than the extent of desensitization Stern-Bach et al, 1998; Fleck et al, 2003; Yelshansky et al, 2004; Priel et al, 2006; Zhang et al, 2006; Weston et al, 2006b ).
Here we explore the reason for this and test two plausible mechanisms that have important consequences for understanding kainate receptor function. The first is that the kainate receptor desensitized state acts as a deep energy well, competing with strengthening of the dimer assembly obtained by introduction of AMPA receptor residues. To address this, we measured rates of onset and recovery from desensitization using electrophysiological assays for a family of dimer interface mutants. An alternative mechanism would be that the dimer interface of kainate receptors is intrinsically less stable than that of AMPA receptors. These two possibilities represent extremes, which are not mutually exclusive. As the driving force for desensitization arises from strain imposed on LBD dimers by the ion channel, this complicates comparisons between AMPA and kainate receptor mutants based solely on electrophysiological studies. To avoid this, we directly measure the K d for dimer formation by isolated LBDs for GluR6 in the absence of the ion channel using analytical ultracentrifugation (AUC). To test whether mutants in the dimer interface sense different local environments in the two receptors, we solved a library of five high-resolution crystal structures for GluR6 mutants, together with the structure for the wild-type GluR6 dimer crystallized under identical conditions. Our results indicate that even following extensive engineering, the stability of kainate receptor dimers is at most one half of that of their AMPA counterparts, and that even if it were possible to generate dimers as stable as those for GluR2 L483Y, these would be insufficient to block kainate receptor desensitization because of the deep energy well of the desensitized state. We propose that this intrinsic difference in dimer stability contributed to the evolution of subtypespecific allosteric regulators, for example, the recently described Na þ -and Cl À -binding sites in kainate receptors (Plested and Mayer, 2007; Plested et al, 2008) .
Results

Desensitization is regulated by clusters of dimer interface residues
Analysis of dimer crystal structures in the protein data bank for GluR2, GluR5, and GluR6 reveals that, although they share a similar dimer structure, conserved clusters of residues that contribute to the dimer interface differ in the two receptor families (Figure 1 ). Structure-based sequence alignments reveal that in addition to earlier identified amino-acid differences in a-helices D, F, and J, which flank the GluR2 L483Y tyrosine mutant that blocks AMPA receptor desensitization ( Figure 1A ), helix B harbors conserved Lys and His side chains in AMPA receptors, which are absent in kainate receptors. Mutation of these residues to their AMPA counterparts would be expected to alter the electrostatic environment in the dimer interface, and, together with earlier reported mutants of residues in helices D, F, and J, facilitate intermolecular interactions with the native (GluR6 Y490) tyrosine side chain in kainate receptors (Zhang et al, 2006; Weston et al, 2006b ). To examine the influence of these residues on dimer stability, we created a library of 10 GluR6 mutants, Figure 1 Conserved clusters of residues differ in the dimer interface of AMPA and kainate receptors. (A) Amino-acid sequence alignment for AMPA and kainate receptor gene families; dimer interface residues exchanged between GluR2 and GluR6 are indicated by D; additional residues that play key roles in the effects of individual mutations are indicated by *; cylinders above the alignment indicate location of a-helices B, D, F, and J in GluR6 crystal structures; þ indicates the L/Y switch in helix D. (B) Ribbon diagram for wild-type GluR6 shows the location of the critical Tyr490 side chain, surrounded by residues exchanged between GluR2 and GluR6, drawn as gold-and cyan-colored CPK spheres for the pair of subunits in a dimer assembly (a stereo view is shown in Supplementary Figure 1) . which, using different combinations, progressively switch the sequence of seven amino acids in helices B, D, F, and J to the sequence found in GluR2. The mutants were T441K, I442H, K494E, K665R, I749L, Q753K, and E757Q; for brevity we use dashes to indicate the wild-type GluR6 sequence for mutants in which a limited number of amino acids was changed; for example, the GluR6 K665R mutant is designated ---R---. These mutants were then assayed for changes in gating using full-length GluR6 (Figure 2) , and for changes in dimer stability using analytical ultracentrifugation for the isolated LBDs (Figure 3) .
Successively introducing combinations of AMPA receptor residues into the wild-type GluR6 produced progressively slower rates of onset of desensitization (k des ) with rank-order responses to 10 mM glutamate of the wild-type GluR6 284 ± 27 s
À1
, 4 ----LK-48.9 ± 8.5 s E KHERLK-1.8 ± 0.1 s
. The most effective combination of mutations, -HERLK-, slowed k des 190-fold compared with wildtype GluR6, producing a strong attenuation of desensitization measured 100 ms after the start of glutamate application, from 99.4±0.2% for wild-type GluR6 to 20±2% for -HERLK-( Figure 2A) ; however, when glutamate application was increased to 7 s, the extent of desensitization for -HERLK-at equilibrium increased to 81 ± 3% ( Figure 2B ). This is in striking contrast to the nearly complete block of desensitization produced by GluR2 L483Y. Our analysis suggests that in -HERLK-the mutations K665R near the base of helix F and the pair I749L/Q753K in helix J act independently of each other, as reversion of each site to the wild-type sequence led to a similar 8-to 10-fold increase in the extent ( Figure 2C ) and rate of desensitization ( Figure 2D ). The mutants tested had only small effects on the rate of recovery from desensitization (k rec ), measured using twin pulse applications of glutamate ( Figure 2D , Table I ), and k rec varied o3-fold from the value of 0.46±0.08 s À1 for the wild-type GluR6. In contrast to the stabilizing effects observed in the above series, E773Q at the base of helix J was clearly destabilizing, as indicated by a sixfold faster k des for --E-LKQ 108 ± 6.9 s À1 compared with --E-LK-17.8 ± 2.6 s
, and the five-fold faster k des for -HERLKQ 6.7±1.0 s À1 compared with -HERLK-1.5±0.2 s À1 ( Figure 2D , Table I ).
Dimer mutants promote co-assembly of GluR6 ligand-binding domains Sedimentation velocity (SV) and sedimentation equilibrium (SE) analytical ultracentrifugation experiments were performed for the isolated LBDs of a library of eight GluR6 mutants, designed on the basis of electrophysiological results. As reported earlier, for both wild-type GluR6 and --E-LKQ, dimer formation is too weak to be determined by either approach (Weston et al, 2006b) , and error analysis indicates a lower limit of 6-8 mM for the dimer K d . In contrast, the dimerization of each of the eight mutants was sufficiently strong to be detected by both SV and SE, yielding K d values with very similar rank order as predicted from electrophysiological analysis (Table I) . Examples of the SV approach, showing the c(s) sedimentation coefficient distribution at 201C for -HERLK-, -HE-LK-, and ---R---, at similar concentrations ( Figure 3A ), exhibit the expected behaviour for a monomer-dimer assembly in equilibrium (Schuck, 2000) , with rapid interconversion on the sedimentation time-scale (Supplementary Figure 2) . It is ), -HE-LK-(1.9 mg ml À1 ) and ---R---(2 mg ml À1 ); concentrations reported in parentheses are derived from peak integration (see also Supplementary Figure 2) . Peak positions reflect sedimentation of rapidly interconverting monomer-dimer systems. The B3.6 S peak for -HERLK-reflects stronger association of this mutant compared with the 2.8 and 2.9 S peaks for -HE-LK-and ---R---, respectively. (B) Dependence of the weight-average sedimentation coefficient s w on loading concentration for -HERLK-, -HE-LK-and ---R---(symbols), and best fits with a binding isotherm for a monomer-dimer equilibrium (solid lines) with K d values of 41.2 mM (1s confidence interval 37-45 mM), 416 mM (1s 370-460), 321 mM (1s 307-333) for -HERLK-, -HE-LKand ---R---, respectively. (C) Representative sedimentation equilibrium profile for -HERLK-derived from a global analysis of data at a range of loading concentrations and rotor speeds, using a monomer-dimer model with a K d of 102 mM (1s 85-135). The black line indicates the model used to fit the data, red dots indicate experimental measurements, and dashed lines represent the best-fit populations of monomer and dimer; residuals of the fit are shown below the graph. (D) The free energy change for dimerization DG dimer plotted against the free energy change for onset of desensitization relative to wild type (ÀRT ln k des /k wt ) for each mutant (symbol and error bars). The dotted line shows the best fit from total least-squares optimization, suggesting a linear relationship in which stabilization of the dimer assembly slows the rate of onset of desensitization. A full colour version of this figure is available at The EMBO Journal online.
evident from visual inspection of overlaid c(s) distributions that -HERLK stabilizes dimer formation to a greater extent, judged by an increase in the sedimentation coefficient, relative to ---R---and -HE-LK-, which behave similarly. The isotherm of weight-average sedimentation coefficients (s w ) as a function of protein concentration followed the mass action law for a monomer-dimer equilibrium, yielding best-fit K d values of 41.2, 321, and 416 mM for -HERLK-, ---R---, and -HE-LK-, respectively ( Figure 3B ). In parallel, SE experiments at 41C were conducted and global non-linear least squares fits of these datasets to a monomer-dimer model allowed independent determination of the dimerization K d . The results from both analyses were in good agreement (Table I) , with K d values for SV B2-fold lower than those measured by SE (see Supplementary data). When the free energy of dimer dissociation is plotted against the rate constant for onset of desensitization measured by electrophysiological analysis ( Figure 3D ), an almost linear relationship emerges, indicating that dimer stability is a major determinant of desensitization for kainate receptors.
Dimer mutant crystal structures
To define the molecular mechanisms underlying changes in dimer stability and attenuation of desensitization by these mutants, a structural library of GluR6 dimers in their active conformation was determined for the glutamate complexes of -HERLK-, -HE-LK-, ---RLK-, ---R---, and wild type crystallized in the presence of a physiological concentration of NaCl, with data for Bragg spacings ranging from 1.5 to 1.32 Å (Table II) . A key finding in all of the structures was that Na þ and Cl À were present in the allosteric ion-binding sites, as found earlier for GluR5 dimer crystal structures with the partial agonist kainate (Plested and Mayer, 2007; Plested et al, 2008) . As these ions do not bind to AMPA receptors, this indicates that, despite the introduction of up to six GluR2 residues into GluR6, the dimer interface maintains unique properties characteristic of kainate receptors. The dimer interface buries a similar solvent accessible surface of 1164, 1160, 1151, 1121, and 1204 A 2 per subunit for -HERLK-, -HE-LK-, ---RLK-, ---R---, and wild-type GluR6, respectively, and superposition of the dimer assemblies using domain 1 (D1) Ca coordinates gave r.m.s. deviations of o0.2 Å , indicating that despite profound differences in their electrophysiological and biophysical properties, these mutants have nearly identical structures to wild-type GluR6. However, because the crystals diffract to high resolution, we were able to detect local conformational differences in each structure that explain the mutational effects on dimer stability (Figure 4) . The tyrosine side chains on the exposed face of helix D move upwards by 1.2 and 1.3 Å in the pair of subunits in -HERLKcompared with wild-type GluR6; this movement occurs without a change in the intermolecular distance between helices D and J measured using the Ca coordinates of Tyr490 and Ile749, and instead results from both a rotation of the aromatic ring and a change in the w1 side-chain dihedral angle. This movement has a profound effect on cation-p interactions made by Tyr490, which is a key determinant of the high dimer stability in the GluR2 L483Y mutant (Sun et al, 2002) . To analyze the strength of cation-p interactions (Gallivan and Dougherty, 1999) , we used the program CAPTURE. In wild-type GluR6, there are intra-subunit cation-p interactions between Lys494 and Tyr490 in the same subunit (À1.31 and À2.34 kcal mol À1 for subunits A and B, respectively), which are replaced by new intermolecular cation-p interactions with the mutant Lys753 side chain in -HERLK-(À2.04 kcal mol
À1
) and -HE-LK-(À2.19 kcal mol
). Electron density maps were of high quality for Tyr490 in all structures, whereas for Q753K, side-chain electron density, assessed by real space correlation coefficients and by visual inspection of omit maps, was best modelled by alternative conformations in several constructs ( Figure 4B and Supplementary Figure 3) . In -HERLK-, the replacement of Ile442 by the large positively charged imidazole ring of histidine biases the conformation of Lys753, increasing the probability for making a cation-p interaction with Tyr490. Indeed, in the library of constructs with the Q753K mutation, the side chain was best ordered in -HERLK-( Figure 4B ). Estimation of the strength of cation-p interactions is highly sensitive to both the distance and orientation of the Lys side chain, and this likely explains why energetically significant 
T ¼ 277 or 298 K for SE and SV experiments, respectively). k des , k deact , % des, and k rec are the rates of desensitization, deactivation, extent of desensitization, and rate of recovery from desensitization as measured by fast-solution exchanges; measurements are the mean ± s.e.m., with the number of observations in parentheses. K d 's for --E-LKQ and wild-type GluR6 are lower limits determined as described previously. KHERLK and Q mutations correspond to the following changes in full-length GluR6, respectively: T441K, I442H, K494E, K665R, I749L, Q753K, and E757Q.
interactions were observed in only one subunit of the dimer pair for -HERLK-and -HE-LK-, and were absent in both subunits for ---RLK-. Superposition of the -HERLK-, ---RLK-, -HE-LK-, and wild-type GluR6 structures reveals that replacement of Ile749 with a leucine, which has an unbranched side chain, leads to removal of a steric clash between the Ile749 Cb atom in wild-type GluR6 and the conformation Tyr490 adopts in -HERLK-and related crystal structures ( Figure 4C ). This switch, which contributes to formation of a Leu749/ Lys753 sandwich with Tyr490, is part of a complex network of contacts that regulate dimer affinity in the kainate receptor constructs analyzed in our study ( Figure 4D ).
The K665R mutant forms a novel intermolecular salt bridge Substitution of the native Lys665 side chain on helix F, with the arginine found in GluR2 (Priel et al, 2006; Zhang et al, 2006) , has a profound impact on desensitization (Figure 2 ) and dimer stability measured by AUC (Figure 3) . In crystal structures of the ---R---, ---RLK-, and -HERLK-mutants, electron density for the Arg side chain was unambiguous and revealed formation of an inter-subunit salt bridge with Glu756 at the base of helix J in the dimer partner subunit ( Figure 5A ). To form this intermolecular contact, the w2 dihedral angle of the arginine side chain rotates by 1101 in ---R---, ---RLK-, and -HERLK-compared with the conformation of the lysine side chain found in wild-type GluR6 and -HE-LK-( Figure 4A ), and the w3 dihedral angle of the Glu756 side chain rotates by 551. Electron density for the native lysine side chain was well ordered for the wild-type GluR6 dimer but surprisingly, because of the change in the w2 angle, Lys665 does not make a salt bridge with Glu756, and instead projects into a region filled by a network of water molecules in the K665R mutant structures, forming a water mediated hydrogen bond with Asp462 in the same subunit ( Figure 5B ). As expected for non-interacting sites, both the K665R salt bridge with Glu756, and the Leu749/Lys753 sandwich observed in -HERLK-are faithfully recapitulated in the ---R---and -HE-LK-structures, respectively. It is noteworthy that K665R is on helix F in D2, distinguishing it from the rest of the dimer interface mutations, which reside on helices in D1.
The rate of desensitization for wild-type GluR2, 126 s À1 , is almost four-fold faster than for GluR6 K665R, suggesting that in AMPA receptors the native arginine side chain is unlikely to contribute to dimer stabilization. Consistent with this, compared with the GluR6 K665R mutant structures, analysis of GluR2 structures in the PDB reveals 1281 and 1061 flips, in opposite directions, about the side-chain w1 and w2 dihedral angles for residues equivalent to Arg665 and Glu756, respectively, increasing the distance between the Cz and Cd atoms by 6 Å (Supplementary Figure 4) . As a result of these large movements, in GluR2, Arg 665 is poised to form an intramo- lecular salt bridge with Asp661 located on same face of helix F, replacing the intermolecular salt bridge found in kainate receptor mutants. This competing intramolecular salt bridge cannot form in kainate receptors because of replacement of Glu657 in helix F by a threonine side chain in GluR5-GluR7 (Figure 1 ).
The base of helix J is destabilized by the E757Q mutant
The GluR6 E757Q mutant was designed based on the rationale that a glutamate at position 757 may provide a potential binding site for an alternative conformation of Lys753, preventing it from forming a cation-p interaction with Tyr 490. However, in earlier work the --E-LKQ mutant desensitized with nearly wild-type kinetics (Weston et al, 2006b ), whereas the --E-LK-mutant showed an 11-fold slowing (Zhang et al, 2006) , suggesting unexpectedly that the E757Q is destabilizing. In the present experiments, we establish that in both --E-LK-and -HERLK-backgrounds, the E757Q mutation increased the extent and rate of onset of desensitization ( Figure 6A and Table I ), and performed AUC experiments to determine the effect on dimer stability. Although we had found earlier that --E-LKQ fails to dimerize in solution Figure 4 High-resolution crystal structures for GluR6 LBD mutants. (A) Side chains drawn in stick representation are shown for wild-type GluR6, ---R---, ---RLK-, -HE-LK-and -HERLK-following least-squares superposition of dimer assemblies using D1 Ca coordinates; a stereo view with CPK spheres for -HERLK-is shown in Supplementary Figure 1. (B) sA-weighted 2mF o ÀDF c electron density maps contoured at 1s for amino-acid side chains surrounding the native Tyr490 residue; for visualization side chains have been rotated from their orientation in the dimers. (C) Interactions between Tyr490 on one subunit with I749L and Q753K on helix J of the dimer partner for wild-type GluR6 (grey) and -HERLK-(gold). The van der Waals radii of Ile749 for wild-type GluR6 show a steric clash (top panel) with those for Tyr490 in the -HERLKstructure, which is eradicated on mutation to a Leu (bottom panel). (D) Interdomain interactions between helices B and J on one subunit and helices D and F on the other for HERLK and wild-type GluR6. Van der Waals interactions (distance o4 Å ) are represented by a solid line connecting partner amino acids; hydrogen bonds by arrows pointing in the direction of the hydrogen bond acceptor; electrostatic (cation-p and salt-bridge) interactions by a thick line; water-mediated interactions with a dashed line; grey and gold indicate bonds for wild-type GluR6 and -HERLK-, respectively. (Weston et al, 2006b) , dimer formation by --E-LK-was easily measured in SV experiments, which gave a K d of 569 mM. A similar disruption of dimer formation was observed for the -HERLKQ mutant, K d 233 mM measured by SV, compared with the value of 41 mM for -HERLK-( Figure 6B ). To investigate the underlying mechanism for this, -HERLKQ was crystallized under the same conditions used for other members of the structural library, with data to 1.2 Å (Table II) . Differences between the structure of -HERLKQ and that of -HERLK-map to the C terminus of helix J in the vicinity of the E757Q mutation. Following superposition of D1 coordinates for both structures, the RMSD for Ca positions was only 0.1 Å , but increased to 0.6 Å for the region from Gln755 to Lys759. This RMSD increase results from a distortion in the last helical turn of helix J, which produces a 51 rotation and 1 Å translation of the base of helix J into the dimer interface ( Figure 6C ). An omit map of this region reveals strong electron density for both backbone and side-chain alternative conformations for Glu756, E757Q, and Gly758 in -HERLKQ ( Figure 6D ), indicating that the E757Q mutation produces a loss of conformational stability in this region, thus disrupting formation of intermolecular bonds between helix J and the partner subunit that stabilize dimerization. This destabilization also occurs in the wild-type GluR6 background, for which the E757Q mutant increased the rate of desensitization to 325 ± 29 s À1 (n ¼ 6).
Calculation of DG values from desensitization rate constants ( Figure 3D ) gave changes of 0.88, 0.83, and 0.91 kcal mol
À1
for the effect of the E757Q mutation in the wild-type, --E-LK-, and -HERLK-backgrounds, indicating that the effect is independent of that of the stabilizing mutations.
Disruption of D1-D2 interdomain contacts further attenuates desensitization
Does the desensitized state of kainate receptors act as a deep energy well that counteracts the effect of mutations that stabilize the dimer interface? To test this, we examined the effect of two mutations that reduce desensitized state stability (Weston et al, 2006a) , D462A at the tip of loop2 in D1, and D656N near the N terminus of helix F in D2, referred to here as AN. The mechanism of action of such mutations, which speed the rate of recovery from desensitization for GluR6 by disrupting intramolecular contacts between domains 1 and 2 that stabilize the closed-cleft conformation of the LBD, is well established, and has been studied also in AMPA receptors (Robert et al, 2005; Zhang et al, 2008) . The D462A and D656N mutants disrupt cross-domain salt-bridge contacts to Lys664 (D2) and Lys456 (D1), respectively, accelerating k rec by 6-to 1.5-fold (Weston et al, 2006a) . We confirmed that these interdomain interactions are preserved across all the dimer mutant structures ( Figure 7A ), and then tested the effect of the AN mutant on the extent of desensitization in the KHERLK-background, with the prediction that the AN mutation should increase steady-state currents by producing faster recovery from desensitization; both effects were observed. The equilibrium current increased 2.6-fold ( Figure 7B ), and k rec increased 2.7-fold with no change in the rate of onset of desensitization ( Figure 7C ).
Disruption of desensitization greatly slows deactivation
When glutamate is applied for brief durations to mimic the rapidly decaying concentration transient occurring during synaptic transmission, the rate of decay, termed deactivation (k deac ), is determined by a complex molecular sequence of events including bursts of channel opening and closing, unbinding of agonist, but also entry into desensitized states (Raman and Trussell, 1995) . When we measured k deac in response to 1-ms glutamate applications for wild-type GluR6 and our library of constructs, we observed a profound slowing of deactivation for mutants that attenuate desensitization (Figure 8 ). The KHERLK-mutant produced a 10-fold slowing of deactivation compared with responses for wildtype GluR6 (k deac 51±4.2 versus 506±43 s
À1
). For KHERLK-AN, the construct with the least desensitization at equilibrium, k deac was 142 ± 11 s À1 , three-fold faster than the parent construct, consistent with destabilization of the agonistbound complex. The rates of deactivation varied 11-fold for the library of constructs studied ( Figure 8B ), but the rates of desensitization for the same constructs varied 190-fold. A plot of k deact versus k des reveals that in mutants with the slowest desensitization the rate of deactivation approaches an asymptote of 50 s À1 ( Figure 8C ). Responses for the AN mutant show faster deactivation, with no change in k des , underscoring the distinct molecular processes controlling glutamate binding and dimer stability. We propose that the intrinsic rate for deactivation of wild-type GluR6 responses to glutamate is close to 50 s
, and that the rapid onset of desensitization masks the true time course of deactivation. Thus, as a fortuitous consequence of blocking desensitization, we were also able to more accurately measure deactivation resulting from channel closing and unbinding of glutamate.
Discussion
The extreme functional diversity of excitatory synaptic currents masks the fact that AMPA, kainate, and NMDA receptors share a conserved structural fold. Although it has been proposed that AMPA and kainate receptors have different gating mechanisms (Bowie, 2002; Bowie and Lange, 2002) , subsequent work suggests this might not be so (Zhang et al, 2006) . Here we show that for kainate receptors there is an inverse correlation between the rate of onset of desensitization and stability of dimers formed by their LBDs, establishing that gating mechanisms and functional assembly of AMPA and kainate receptors as dimers of dimers are indeed conserved. Despite this, the generation of a non-desensitizing kainate receptor phenotype akin to GluR2 L483Y continues to be a formidable experimental challenge. Our results suggest that this is because of both a substantially more stable desensitized state in GluR6, as well as intrinsic differences in LBD dimer stability between the two receptors. Figure 6 The E757Q mutation destabilizes dimer assembly. (A) Responses to 100-ms applications of 10 mM glutamate for -HERLKand -HERLKQ illustrating the five-fold faster rate of onset of desensitization due to E757Q substitution. (B) Sedimentation equilibrium scans for -HERLKQ at 1 mg ml À1 and 24 000 r.p.m. analyzed identically as for -HERLK-( Figure 3C) ; the dimerization K d decreases B6-fold to 628 mM. (C) Base of helix J tilts by 51 in -HERLKQ; dimer assemblies for -HERLKQ (red) and -HERLK-(gold) were superimposed by leastsquares using D1 Ca coordinates; the solid line shows a Ca trace illustrating that movement is limited to the base of helix J. (D) Residues at the base of helix J and in the linker leading to helix K are disordered in -HERLKQ. An F o ÀF c omit electron density map contoured at 3.5s was calculated with residues Glu756-Lys759 omitted from the F c calculation; stick representation for these residues show main chain alternative conformations for Glu756, E757Q and Gly758, and side-chain alternative conformations for Glu756, E757Q and Lys759.
The molecular determinants of desensitization include (1) intermolecular interactions within the LBD domain that stabilize the D1 dimer interface; (2) intramolecular interactions between domains D1 and D2 that stabilize the agonist-bound closed cleft conformation; and (3) regions outside of the ligand-binding domain (Yelshansky et al, 2004) . Direct measurement of LBD dimer stability in solution by AUC reveals that GluR6 -HERLK-, which rebuilds the local environment flanking the Tyr side chain in the non desensitizing GluR2 L483Y mutant, accounts for only 50% of the free energy of dimerization (5 versus 9.5 kcal mol
À1
). Notably, these cumulative mutations in the HERLK dimer interface act through stabilization of the active dimer assembly rather than by destabilization of the desensitized state since k rec changes negligibly in stark contrast to an B200-fold decrease in k des compared with wild-type GluR6. Second, the much greater stability of the desensitized state for kainate versus AMPA receptors, for which k rec is 4400-fold faster (Horning and Mayer, 2004) , suggests that it acts as an energy well offsetting the stabilizing effects of dimer interface mutations. Thus, despite the striking 200-fold decrease in k des observed for GluR6 -HERLK-, desensitization still reaches 81% at equilibrium because of the extreme stability of the desensitized state.
Although there is little knowledge of a bona fide structure of an iGluR desensitized state which would require structures of both the LBD and pore regions, its stability is proposed to arise from interactions holding the S1S2-binding domain in a closed-cleft conformation, together with interactions between juxta-membrane and transmembrane domains (Armstrong et al, 2006) . In fact, the deep energy well of the kainate receptor desensitized state has been shown to result in part from unique interdomain contacts in the LBD closed-cleft conformation, absent in AMPA receptors, which contribute to higher stability on the glutamate-bound complex (Weston et al, 2006a) . Consistent with this, removing some of these contacts in KHERLK-AN produces a further 2.5-fold attenuation in the extent of desensitization at equilibrium. Thus, it is evident that in kainate receptors, where the long agonist dwell time limits both k deact and k rec compared to AMPA receptors (Weston et al, 2006a) , D1 dimer interface engineering alone is not sufficient to create a non-desensitizing receptor.
Illustrated in Figure 9 is a model that emerges from our data for AMPA and kainate receptor activation and desensitization, processes linked through the dimer interface. For both wild-type receptors, the energy barrier for desensitization is higher than for activation and therefore the receptor activates faster than it desensitizes, but as the desensitized state is more stable than the activated receptor, most of the receptors become desensitized during a prolonged incubation with agonist (see Table I ). According to our model, relative to AMPA receptors, kainate receptors decrease the free energy of the open state, deepen the energy well for the desensitized state, and decrease the barrier for entry into the desensitized state. The net result is that to overcome the energetic sink of the GluR6 desensitized state many more compensatory interactions are required to stabilize the active-state dimer versus in GluR2; using DG ¼ ÀRT ln(k des /k rec ) and for simplicity considering only the influence of the B400-fold slower value of k rec for kainate receptors gives 3.6 kcal mol À1 for the extra 'compensatory' energy required. In both receptor subtypes the stability of the active dimer assembly is generated by a complex network of intermolecular and solventmediated contacts that are distributed over an area of B1000 Å
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. In principle, it should be possible to identify additional sites for which mutations could be introduced to achieve a more stable GluR6 dimer, but the complex and unpredictable nature of interactions across the dimer interface revealed by our crystallographic experiments highlight how difficult it is to improve dimer packing by rational design. This is illustrated by the K665R mutant where the arginine side chain adopts a strikingly different conformation compared to the AMPA receptor donor, forming an intersubunit salt bridge absent in AMPA receptors (Supplementary Figure 3) .
Other examples of how small sequence differences within iGluR LBDs function to diversify receptor properties are well established. Alternative splicing of AMPA receptor flip and flop exons in helix J alters desensitization kinetics (Penn et al, 2008) , as does the Arg to Gly switch encoded by mRNA editing of nucleic acids preceding the flip and flop exons (Sommer et al, 1990; Penn et al, 2008) . Another example is the Met/Lys switch preceding helix J that renders AMPA receptors insensitive to cation modulation Plested et al, 2008) . Together with the results reported here, a picture emerges in which distributed small changes in sequence can be exploited to evolve diverse functional properties within a degenerate fold. We argue that nature has explored these regions of sequence space and chosen many of the possible solutions to building a two-domain clamshell structure, generating the discrete properties of AMPA and kainate receptors.
The presence of multimeric assemblies in a large number of channels suggests that dynamic oligomerization of LBDs may prove to be a general mechanism underlying ligand gating. In several cases, oligomeric conversions occur on the cytoplasmic side of the membrane, where binding of intracellular ligands to LBD structures acts as gating switches. Regulators of K þ conductance (RCK) domains, for example, ubiquitous at the intracellular carboxy terminus of many Ca 2 þ -activated K þ channels, are a-b proteins with a Rossman-fold similar to bacterial periplasmic proteins and iGluR LBDs. The crystal structure of the MthK K þ channel from an archaebacterium shows how eight RCK domains form a gating ring leading to channel activation, where Ca 2 þ binds in the base of a cleft between RCK domains near a flexible hinge (Jiang et al, 2001 (Jiang et al, , 2002 , much like what we see in iGluR LBDs. Furthermore, recent functional and biochemical analyses suggest that the four functional states of MthK (closed, open, desensitized, and inactivated) correspond to distinct oligomeric states of its RCK domains (Kuo et al, 2007) . Another reported example is in hyperpolarization-activated cation (HCN) channels, where intracellular cAMP binding to the C-terminal LBD promotes a transition from a dimer-of-dimers into a four-fold symmetric gating ring important for channel activation (Zhou et al, 2004) . Rearrangements in LBD oligomerization in a diverse family of cation channels, inclusive of iGluRs, thus appears to provide a simple solution to a seemingly complicated function: driving a molecular machine through the states of its gating cycle. . D1 and D2 of the LBD domain are shown in cyan and orange, respectively, whereas the transmembrane segments comprising the ion-pore are shown as a grey cylinder. Each subunit binds agonist (red circle) and undergoes transitions between agonist-bound closed, open, and desensitized states. Hypothetical plots are constructed for an AMPA and kainate receptor comparing the free-energy changes that occur during gating. Estimates for DGc-4o, the DG of the closed to open transition, DGdes, the DG of desensitization, and DGdd, the activation energy barrier to rupture the D1 dimer, were estimated using ÀRT ln 1/k deact , ÀRT ln k des /k rec , and ÀRT ln k des , respectively. Approximate values for k des , k rec , and k deact used for wt GluR2 are 126, 102, and 175 s À1 , respectively, and k des for L483Y is 6 s À1 (Sun et al, 2002; Horning and Mayer, 2004) ; for wt GluR6 and HERLK values used are as reported in Table I . Note that k deact measured for L483Y is B4-fold faster than HERLK.
Materials and methods
Molecular biology and protein purification
GluR6 point mutations were made in various combinations by overlap PCR and the amplified region confirmed by sequencing. Wild-type and mutant GluR6 S1S2 ligand-binding domain proteins were overexpressed in Escherichia coli and purified using methods described before (Mayer, 2005) .
Physiology
Wild-type GluR6(Q) and mutant glutamate receptors were expressed in HEK-293 cells for outside-out patch recording with rapid solution exchange as described earlier (Weston et al, 2006b) . Solution exchange time (20-80% to peak), estimated from open tip responses at the completion of a recording, ranged from 0.1 to 0.4 ms. Patch pipettes had a resistance of 3-5 MO and were filled with solution containing (in mM) 150 CSF, 20 HEPES, 10 NaCl, and 10 EGTA, pH 7.3. Extracellular medium contained (in mM) 140 NaCl, 2.4 KCl, 10 HEPES, 10 glucose, 4 MgCl 2 , and 4 CaCl 2 , pH 7.3, 305 mOsm. Currents were filtered at 2 kHz and digitized at 10 kHz. Further details are described in Supplementary data.
Analytical ultracentrifugation
Sedimentation velocity and equilibrium experiments were performed in a Beckman/Coulter XLI analytical ultracentrifuge using absorbance and Rayleigh interference optics. An additional protein purification step with an XK 16/60 Superdex 200 gel-filtration column in buffer containing (in mM) 10 HEPES pH 7.4, 165 NaCl, 1 EDTA, and 2 L-glutamic acid was used before experiments. SV experiments were conducted at 50 000 r.p.m. and 201C using interference detection and double-sector cells loaded at 4, 3, 2, 1, 0.3, and 0.1 mg ml À1 typically. For SE experiments, data were collected at 41C at 1, 0.3 and 0.1 mg ml À1 and 12 000, 18 000, and 24 000 r.p.m. by both absorbance detection at 280 and 250 nm and interference detection using sapphire windows and 'aged' cell components. SV and SE data were analyzed using the SEDFIT and SEDPHAT programs (Schuck, 2000 (Schuck, , 2003 ; further details of analysis methods and error statistics are provided in the Supplementary data.
Crystallography
Crystals of -HERLK-were grown in hanging drops at 8-12 mg ml À1 in buffer containing (in mM) 150 NaCl, 5 L-glutamic acid, 1 EDTA, and 10 HEPES, pH 7.4, mixed at a 1:1 volume ratio with reservoir solution containing 12-15% isopropanol, 15-18% PEG 4 K, and 100 mM sodium citrate pH 5.6. Microseeding techniques were used to obtain diffraction quality crystals for the other constructs. Crystals were cryoprotected by serial transfers to mother liquor with progressively higher concentrations of PEG 4000 (30% final concentration) and flash frozen in liquid nitrogen. Diffraction data were collected at the APS ID22 beamline using a MAR300 CCD detector and processed using HKL2000 (Otwinowski and Minor, 2001 ). The HERLK-structure was solved by molecular replacement with Phaser (McCoy et al, 2007) , using a wild-type GluR6 monomer (PDB 1S7Y) with alanine substituted for the mutated residues as a search model. The other structures were solved by difference Fourier techniques. Model building was done using COOT (Emsley and Cowtan, 2004) and refinement using REFMAC5 (Winn et al, 2001) and PHENIX (Adams et al, 2002) . Further details of crystallographic methods are provided in the Supplementary data.
Protein data bank accession codes
Atomic coordinates and structure factors have been deposited with the PDB; accession codes are 3G3F, 3G3G, 3G3H, 3G3I, 3G3J, 3G3K.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
